A Runge-Kutta method is used to solve the equations of motion of the elastic blade.
INtroDUCtIoN
Essential parts of a helicopter structure, which significantly determine its performance, are the main rotor and the level of power developed by engines. the choice of the proper power unit and configuration of the main rotor has an impact on such a helicopter performance like: the maximum flight speed, climbing speed or the level of vibration. the basic features of the main rotor are the number of blades and the speed of the blade tip connected with the rotation speed of the rotor shaft.
an increasing number of rotor blades is one of the methods of improving the helicopter's characteristics. the new rotor with an increased number of blades was applied by aerospatiale/Eurocopter concern developing the family of a medium helicopter from Sa 330 Puma with a four-blade to five-blade EC 725 Caracal version. a similar way of rotorcraft development can be noticed for Hughes/Mc Donnell Douglas. the oH-6a Cayuse helicopter had a four-bladed rotor, an improved version MD500E was equipped with a five-bladed rotor and the newest unmanned version aH-6i Little Bird flies with a six-bladed rotor. a successful example of improving the features of an old helicopter is modernization of Sikorsky S-55 model including an installation of a turbine power unit and applying a new five-bladed rotor with a reduced blade tip speed [1] . the improved version of the helicopter dubbed Whisper Jet obtained a very low noise level. the helicopter was allowed for viewing flights over the Grand Canyon National Park. INFLUENCE oF rotor ParaMEtEr CHaNGES oN HELICoPtEr PErForMaNCE... the following analysis concerns the possibilities of changing the helicopter operating features by applying the increased, from three to six, number of rotor blades and reducing the rotor blade tip speed ranging from high value 220 m/s to a lower one of 160 m/s.
For the simulation calculations two models of the main rotor were used. In a simplified model, the rotor was treated as a disk area with an average value of induced speed and aerodynamic coefficients. By applying a simplified rotor model the following parameters were defined as a function of flight speed: the helicopter equilibrium conditions, the rotor thrust components and the power required to drive the main and tail rotors for a different number of rotor blades and a different blade tip speed. the more precise model of the rotor comprises deflections of individual blades. the blade is represented by a set of lumped masses and sections of an elastic axis allowing for torsion and bending in-plane and out-of-plane deformations. In accordance with the Galerkin method, the blade motion is treated as a resultant combination of a considered blade torsion and bending eigen modes. Equations of motion of the elastic blade are solved by using the runge-kutta method. Defining the distribution of blade deflections and loads on the rotor disk enable calculation of resultant loads of the rotor hub and the rotor control system [2], [3] .
HELICoPtEr PErForMaNCE the simulation calculations for possibilities of performance changes were performed for the data of hypothetical helicopter with the total mass 1,000 kg and the main rotor radius 3.75 m. the calculations comprise the power required for driving a three-bladed main rotor ( Fig. 1 ) and a six-bladed rotor ( Fig. 2) with changing the blade tip speed from 160 m/s to 220 m/s. Both versions of the rotor consist of blades of the same geometry. For the considered variants of the main rotor values of the power required to drive the tail rotor consisting of five blades ( Fig. 3 and Fig. 4) were also determined. For each case, a combination of number of the main rotor blades and a blade tip speed, the tail rotor thrust for equilibrium condition was calculated (Fig. 5 and Fig. 6 ).
analyzing the plots of the main rotor required power in Fig. 1 , it can be noticed that for a three-bladed rotor in the range of flight speed below 130 km/h the lower values of the required power occur for the blade tip speed scope between 180 m/s and 190 m/s. the case of a lesser blade tip speed of 160 m/s, beneficial for a low noise level, requires bigger power in hover conditions. For a large flight speed of about 200 km/h lesser values of the rotor required power occur at the blade tip speed of 210-220 m/s range. at flight speed close to 200 km/h for an advancing blade, the effects of compressibility are not significant enough to cause additional growth of the power required. at the relatively high blade tip speed of 220 m/s the local angles of attack are lesser compared to the case of rotor blades with tip speed of 160 m/s which can explain the biggest value of the rotor required power in the case of the tip speed of 160 m/s. helicopter mass 1,000 kg, three-bladed rotor [J. Stanisławski, 2014] In the case of a six-bladed rotor ( Fig. 2 ) small values of attack angles of the blade crosssections cause the lowest level of required power, at the lowest blade tip speed of 160 m/s. respectively, the lower power of the main rotor requires the lower power to drive the tail rotor. For a six-bladed main rotor the power of a five-bladed tail rotor with the tail blade tip speed of 152 m/s (bonded with the main rotor blade tip V tip = 160 m/s) is lower than 4 kW even for a flight speed condition V = 240 km/h (Fig. 4) .
In Fig. 7÷Fig . 9 are presented the effects on required power for increasing the number of rotor blades from three to six, for two values of tip speed of 160 m/s (Fig. 7) and of 220 m/s (Fig. 8) . Increasing the number of rotor blades enables to preserve the low level of the rotor required (150-180 kW) even for a slow blade tip speed of 160 m/s (Fig. 7) . In Fig. 9 is shown the comparison of changes the rotor required power as a function of the flight speed for extreme cases of the blade tip speed and the numbers of blades. as it can be seen, the lowest level of the rotor power is reached for the case of a slow rotating six-bladed rotor. the lowest sound level equal 79 dB is generated by a six-bladed rotor for the lowest considered blade tip speed of 160 m/s. the effects of possibility continuous regulation of the rotor speed can be useful for tracking optimal or economic flight conditions with changes of the helicopter mass due to fuel consumption. In Fig. 11 are shown the limits of change of the blade tip speed as a function of flight time in the optimal conditions. Fig. 12 and Fig. 13 present changes of a blade collective pitch for three and six-bladed rotors. the blade collective pitch is given for the same cases as for the calculations of the rotor required power shown in Fig. 1 and Fig. 2 . the change limits of the blade pitch for extreme cases are compared in Fig. 14 . the lowest values of the blade collective pitch are for the case of a six-bladed rotor with the highest tip speed. Similarly, the term of equilibrium are preserved at a lower pitch angle of tail rotor blades for high tail rotor blade tip speed (Fig. 15) . the cases for helicopter mass 1,000 kg with three-bladed or six-bladed main rotor versions and five-bladed tail rotor [J. Stanisławski, 2014] rotor LoaDS applying for simulating calculations a more precise model of elastic rotor blades allows to define limits of variable blade loads as function of azimuth position on rotor disk and estimate the influence of blades number on amplitude and frequency of rotor loads. the simulating calculations for each selected case of the blade number and the blade tip speed were executed for time limits corresponding to the twelve revolutions of rotor. Plots show the results for the last two revolution of the rotor, when the effects of start condition were diminished.
In Fig. 16÷Fig . 23 are presented the results for selected cases of level flight speed of 200 km/h with applied blade tip speed of 160 m/s. For variants of rotors with three, four, five and six blades are shown the plots of rotor required power (Fig. 16 ) and changes of rotor thrust (Fig. 17) during the rotor revolution. the lowest oscillations occur for a six-bladed rotor. Large changes of power and thrust for three-bladed rotor are connected with an appearance of a flow separation zone at the tip and middle cross-sections of blades (Fig. 22) . Increasing the number of blades allows to reduce collective and cyclic pitch for providing the generation of the proper value of rotor thrust and reducing the separation flow zone, which is shown in Fig. 23 for fourbladed rotor case. an increased blade number gives a higher frequency of power and thrust of the main rotor with a significant amplitude reduction, even for the case of five-bladed and sixbladed rotor where, there was no separation flow on the tip cross-sections of the blade. the evident effects of separation flow can be noticed as a lower mean value of the rotor thrust for the case of a three-bladed rotor (Fig. 17) . the influence of separation zone for a three-bladed and four-bladed rotor is observed in plots of control system loads: control pitch moment for a single blade (Fig. 18 ) and a control force of a collective pitch for all blades (Fig. 19) . For the loads of a rotor control system, a higher number of blades causes increment of the mean value of the control force of collective pitch with simultaneous reduction of amplitude (Fig. 19) . Changes of the attack angle at the tip cross-sections of the rotor blade as a function of the azimuth position are shown in Fig. 20 . Comparing the plots for three-bladed and six-bladed rotor can be noticed the 10° reduction of the maximum value of attack angles. the minimum of attack angles existing for advancing blade position at azimuth 90° preserve nearly the same level equal about -2°. the effects of separation flow is also clearly seen in plots of torsion deflections of the blade tip (Fig. 21) . For a three-bladed rotor large changes of torsion blade loads cause oscillations corresponding to blade torsion eigen mode even in azimuth zone without a separation flow. the harmful influence of a separation disappears with an increasing number of rotor blades, which enables to generate a higher value of thrust with preserved angles of attack below critical values. 
